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Abstract
We investigate the prospects to observe effects of transverse polarization of top quarks in
pp, pp¯→ tt¯X . QCD absorptive parts generate a polarization of top quarks and antiquarks
transverse to the production plane in the partonic processes qq¯ → tt¯ and gg → tt¯, which
reaches values of a few percent. These perturbative QCD effects are decreased at the
hadronic level. A measurement through momentum correlations among the t and t¯ decay
products will be difficult both at an upgraded Tevatron and at the LHC.
∗supported by BMBF Contract 056AC92PE
1 Introduction
The existence of the top quark has recently been firmly established [1]. Combining the
measurements of the CDF and D0 experiments, the mass of the top quark is mt =
179 ± 12 GeV. Detailed studies of the properties of top quarks will be a main objective
of experiments at present and future colliders. With an expected luminosity of L ∼
2× 1032cm−2s−1, the upgraded Tevatron collider will produce several thousand top quark
pairs per year, and the Large Hadron Collider (LHC) is even expected to yield several
million top quark pairs per year. These event rates will allow for precision experiments
with top quarks.
A special feature of physics with top quarks is due to their heaviness: Because of
its large mass, the top quark has decayed on average before it can form hadronic bound
states. In particular, the polarization of the top quark is not diluted by hadronization,
and observables involving the spin of the top quark may therefore be calculated reliably
within perturbation theory. Moreover, the t and t¯ analyze their spins through their parity-
violating weak decays t→Wb. Effects connected with the spin of the top quark can then
be used to test the standard model (SM) or to search for new physics, as has been realized
and investigated by many authors (see, e.g., [2]–[19], and references quoted therein).
In this paper we will concentrate on studying a possible polarization of the t and
t¯ transverse to the production plane in proton-proton and proton-antiproton collisions.
This transverse polarization is odd under simultaneous reflection of spins and momenta
(i.e., odd under the “naive” time reversal operation TN). To leading order, it is directly
proportional to the absorptive part of the scattering amplitude if the true time reversal
operation is a good symmetry of the theory. In particular, it probes QCD at the one-loop
level without having to contend with the usual large tree level “background”.
The main production mechanism for tt¯-pairs in hadronic collisions are the parton
subprocesses qq¯ → tt¯ and gg → tt¯. QCD absorptive parts giving rise to a transverse
polarization of the top quark and antiquark have been calculated for these parton processes
first by Dharmaratna and Goldstein [6], [7]. Their result for gg → tt¯ was used by Kane,
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Ladinsky and Yuan to estimate the size of transverse polarization to be expected at LHC
energies and beyond [10]. We reanalyze this subject for two reasons: First, because the
process qq¯ → tt¯ is dominant at the Tevatron and the corresponding transverse polarization
phenomena at the hadronic level have not been studied before. Second, we would like to
present realistic numbers for directly measurable quantities sensitive to the transversely
polarized top quarks. These quantities are TN–odd momentum correlations of the decay
products of the t and t¯. The outline of our paper is as follows: In the next section, we
will give analytic results for the transverse polarization of t and t¯ in qq¯ → tt¯ and gg → tt¯
to order αs, point out a slight difference to existing results [6], and discuss the effects
on parton level. In section 3, we will proceed by constructing suitable observables to
trace these effects in top pair production at hadron colliders. The corresponding TN–odd
momentum correlations will require a measurement of momenta of final state particles
only. The statistical significance of these correlations will be discussed for the Tevatron
and the LHC.
2 Transverse Polarization in qq¯ → tt¯ and gg → tt¯
In this section we will define transverse polarization of top quarks and antiquarks in terms
of the production density matrices for the partonic subprocesses qq¯ → tt¯ and gg → tt¯,
which are the dominant production mechanisms for top quark pair production at the
Tevatron and the LHC, respectively. We will give analytic results for the transverse
polarization of t and t¯ induced by QCD absorptive parts at the one-loop level.
We first turn to the reaction q(p1) + q¯(p2) → t(k1) + t¯(k2), where the momenta refer
to the qq¯ center of mass system, p1+p2 = 0. In order to discuss polarization phenomena
for t and t¯, we define the (unnormalized) production density matrix
Rqα1α2,β1β2(p,k) =
1
4
1
N2C
∑
colors,qq¯ spins
〈t(k1, α1)t¯(k2, β1)|T |q(p1), q¯(p2)〉∗
〈t(k1, α2)t¯(k2, β2)|T |q(p1), q¯(p2)〉. (1)
Here, α, β are spin indices, NC denotes the number of colors, p = p1, k = k1 and the
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sum runs over the colors of all quarks and over the spins of q and q¯. The factor 1/4 ·1/N2C
takes care of the averaging over spins and colors in the initial state. The matrix structure
of Rq in the spin spaces of t and t¯ is
Rq = Aq1l⊗ 1l +Bqt · σ ⊗ 1l +Bqt¯ · 1l⊗ σ + Cqijσi ⊗ σj , (2)
where σi are the Pauli matrices and the first (second) factor in the tensor products refers
to the t (t¯) spin space. For a detailed discussion of Rq and its symmetry properties, see
[15]. For the purpose of this paper, it is sufficient to note that absorptive parts in the
parton scattering amplitude due to CP - and P - invariant interactions yield the following
contribution to the production density matrix:
Rqabs = b
q
3(sˆ, z)nˆ · {σ ⊗ 1l + 1l⊗ σ} , (3)
where sˆ = (p1 + p2)
2, z = pˆ · kˆ is the cosine of the scattering angle in the partonic center
of mass frame, nˆ = (p× k)/|p× k| is the normal to the scattering plane, and bq3(sˆ, z) is
a structure function in the notation of [15]. The production density matrix Rg(p,k) for
the subprocess g(p1) + g(p2)→ t(k1) + t¯(k2) is defined, in the gg center of mass frame, in
complete analogy to Eq. (1) with 1/N2C → 1/(N2C − 1)2. Due to Bose symmetry of the
gluon-gluon initial state we have for the corresponding structure function:
bg3(sˆ, z) = −bg3(sˆ,−z). (4)
The transverse polarization P⊥ of the top quark is equal to the transverse polarization of
the top antiquark in a CP invariant theory and given for the respective subprocesses by
P i⊥ = 〈nˆ · σ ⊗ 1l〉i ≡
tr(Ri nˆ · σ ⊗ 1l)
tr Ri
=
bi3(sˆ, z)
Ai(sˆ, z)
(i = q, g). (5)
The functions Ai(sˆ, z) are related to the differential cross section of the respective partonic
subprocess:
Ai(sˆ, z) =
8πsˆ
β
dσˆi
dz
, (6)
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where β =
√
1− 4m2t/sˆ is the velocity of the top quark in the partonic c.m. system. In
leading order of the QCD coupling, they have the well-known form [20] (which we give
here for completeness):
Aq(sˆ, z) = π2α2s
N2C − 1
N2C
[
2− β2(1− z2)
]
, (7)
Ag(sˆ, z) = π2α2s
2 [−2 +N2C(1 + β2z2)]
NC(N2C − 1)(1− β2z2)2
[
1 + 2β2(1− z2)(1− β2)− β4z4
]
. (8)
In Aq we neglected the masses of the quarks in the initial state.
Nonvanishing bi3(sˆ, z) are generated by QCD absorptive parts at the one-loop level
through interference with the tree graphs. Other standard model contributions, like from
absorptive parts of diagrams with Higgs or Z bosons, are tiny and therefore we neglect
them. Before presenting our results, we would like to comment briefly on the details of
the calculation. We performed two independent calculations of the functions bi3(sˆ, z), one
using conventional covariant gauge Feynman rules, the other using the background field
method [21]. The background field method greatly facilitates the calculation of bg3, and,
because of gauge invariance, gives the same final result as the conventional approach. In
Fig. 1 (2) we show the one-loop Feynman diagrams which give a nonzero contribution to
bq3 (b
g
3) in the conventional approach. Although the final results are ultraviolet and infrared
finite, one has to use a regularization scheme in intermediate steps to handle divergent
integrals. We used dimensional regularization. Moreover, we eliminated the usual box
integral in four dimensions in favor of a linear combination of a six-dimensional box
integral and four triangle integrals [22]. This methods shifts all infrared divergencies into
the triangle integrals, and the cancellation of the infrared divergencies becomes completely
explicit.
For qq¯ → tt¯ we get:
bq3 =
πα3s(N
2
C − 1)
2N2C
mt√
sˆ
√
1− z2(NCg1 + g2
NC
),
with
g1 = − π
β2
[
(1− β2) ln
(
1 + β
1− β
)
− 2β
]
− πz
2β3
[
3(1− β2) ln
(
1 + β
1− β
)
− 6β + 4β3
]
,
4
g2 =
4π
β2
[
(1− β2) ln
(
1 + β
1− β
)
− 2β
]
+ πβz. (9)
This result agrees with the one given in [7].
For gg → tt¯, the result is more complex:
bg3 =
2πα3s
N2C − 1
mtβ
√
sˆ
√
1− z2(N2Cf1 +NCf2 + f3 +
f4
N2C
),
with
f1 =
1− β2
2(1− zβ)2 ImD
D=6
0 (z)−
1− β2
2(1 + zβ)2
ImDD=60 (−z)
−z(1 − β
2)(1− 8β2 − 3z2 − β2z2 + 3β2z4)
4β(1− z2β2)2 ImC0
−z(1 − 4β
2 − 3z2 + 2β2z2)
2βsˆ(1− z2β2) ImB0,
f2 =
∑
i
θ(
√
sˆ/2−mi) zβ(1− β
2
i )
2(1− z2β2)
[
π
sˆ
ln
(
1 + βi
1− βi
)
− 2πβi
sˆ
]
,
f3 =
β
4(1− z2β2)
[
− (3β2 + z2 − 6βz + 2β2z2)ImDD=60 (z)
+(3β2 + z2 + 6βz + 2β2z2)ImDD=60 (−z)−
2z(1− β2)
β
ImC0
−2z(2 + 5β
2 − β2z2)
sˆβ
ImB0
]
,
f4 =
β
2(1− z2β2)
[
− (3β
2 + z2 − 6βz + 2β2z2)
1− zβ ImD
D=6
0 (z)
+
(3β2 + z2 + 6βz + 2β2z2)
1 + zβ
ImDD=60 (−z)
−2z(1 − β
2)(1− 3β2)
β(1− z2β2) ImC0 −
4z
sˆβ
ImB0
]
. (10)
Here, DD=60 stands for a box integral in six dimensions, B0 and C0 are usual two-point and
three-point scalar one-loop integrals, respectively. The explicit formulae for the imaginary
parts are:
ImDD=60 (z) = −
π
sˆβ2
{
1 + β
1 + z
ln
(
1− β(1 + z)
1 + β
)
+
1− β
1 − z ln
(
1 +
β(1− z)
1− β
)}
,
ImC0 =
−π
sˆβ
ln
(
1 + β
1− β
)
,
ImB0 = π. (11)
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The sum in f2 defined in Eq. (10) runs over all quark flavors and βi =
√
1− 4m2i /sˆ, where
mi denotes the mass of a quark with flavor i. Numerically, only the top quark gives a
significant contribution to f2. Our result for b
g
3 disagrees slightly with the one given in
formula (1) of [6] (and formula (19) of [7]). We find that f1 − fDG1 = −
πzβ
48sˆ(1− z2β2),
where f1 is the leading color coefficient of Eq. (10) and f
DG
1 is the corresponding term in
[6], [7]. We agree† with the authors of [6], [7] that this difference is due to the omission
of one of the two ghost triangle diagrams (cf. Fig. 2) in the result of [6], [7].
In Figs. 3 and 4 we plot the transverse polarization P q⊥ and P
g
⊥, respectively, as a
function of the partonic c.m. energy
√
sˆ and z, the cosine of the scattering angle. We
do not include the running of αs here, but fix it at the value αs = 0.1. For the top
quark mass we used mt = 180 GeV. For quark–antiquark annihilation, the transverse
polarization of the top quark reaches values of about 2.5% around
√
sˆ ≃ 720 GeV and
scattering angle of ≃ 73 degrees and then decreases quite rapidly with energy. In the case
of gluon–gluon fusion, P g⊥ nicely exhibits the antisymmetry with respect to z following
from Bose symmetry and P g⊥ reaches peak values of about 1.5% around
√
sˆ ≃ 1050 GeV
and at ≃ ±63 degrees. We will discuss in the next section whether these effects are
observable at colliders.
3 TN–odd momentum correlations for semileptonic tt¯
decays
The transverse polarization of t and t¯ discussed in the previous section must be traced in
the final states into which t and t¯ decay. We concentrate here on decay modes where one
of the top quarks decays semileptonically and the other one decays hadronically, i.e. on
samples of tt¯ pairs with:
t→ ℓ+ + νℓ + b,
t¯→W− + b¯→ q + q¯′ + b¯, (12)
†G. Goldstein, private communication
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and the corresponding charge conjugated decay channels. These samples are especially
suited for constructing observables which are sensitive to transversely polarized top quarks:
The charged lepton of the semileptonic decay serves as an efficient analyzer of the top
quark spin [8], while in the same event the purely hadronic decay allows one to recon-
struct the momentum of the other top quark. Specifically, for pp¯→ tt¯X with subsequent
semileptonic tt¯ decay we define the observable
O1 = pˆp · (qˆℓ+ × kˆt¯) (13)
for the decay modes (12), and
O¯1 = pˆp · (qˆℓ− × kˆt) (14)
for the charge conjugated decays. Here, pˆp is the proton’s direction (which we take to
be the positive z direction of the laboratory coordinate system), qℓ± is the momentum of
the positively (negatively) charged lepton, hats denote unit vectors and all momenta are
defined in the hadronic c.m. system. A TN–odd correlation may now be defined through
the sum:
S1 ≡ 〈O1〉t¯ℓ+ + 〈O¯1〉tℓ−, (15)
where (t¯ℓ+) refers to sample (12) (reconstructed flight directions of t¯ and of the positively
charged lepton from t decay) and (tℓ−) refers to the charge conjugated sample. Gluon–
gluon fusion does not contribute to either of the two terms on the r.h.s. of (15) due to
Bose symmetry, but this does not lead to a significant decrease of the signal in the case
of pp¯ collisions around a c.m. energy
√
s = 1.8 TeV, because in this energy regime the
contribution of the partonic subprocess qq¯ → tt¯ strongly dominates. Since the unpolarized
pp¯ initial state is a CP eigenstate, the correlation (15) can only become nonzero through
CP conserving interactions. Furthermore, 〈O1〉t¯ℓ+ = 〈O¯1〉tℓ−, if CP is conserved. Taking
the difference instead of the sum in (15) gives a TN -odd, CP -odd correlation, which might
be also an interesting quantity to look at in tt¯ production.
For pp collisions, each of the two expectation values in (15) vanishes for the following
reason: The contribution from gg → tt¯ again vanishes due to Bose symmetry, and also the
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subprocess qq¯ → tt¯ now gives zero, because the contributions of the two partonic initial
states (q ∈ p(pp), q¯ ∈ p(−pp)) and (q¯ ∈ p(pp), q ∈ p(−pp)) cancel. Suitable observables
in the case of pp collisions are given by:
O2 = −O1 sign(pˆp · kˆt¯), (16)
for sample (12), and
O¯2 = O¯1 sign(pˆp · kˆt) (17)
for the charge conjugated sample. The sum of the expectation values,
S2 ≡ 〈O2〉t¯ℓ+ + 〈O¯2〉tℓ−, (18)
is a good TN–odd correlation to trace the transverse polarizations of t and t¯ produced in
pp collisions. Note that 〈O2〉t¯ℓ+ 6= 〈O¯2〉tℓ− even in the absence of CP violation. This is
because the pp initial state has no definite CP parity. In fact, since quarks on average carry
more of the proton’s energy than antiquarks, QCD absorptive parts in the qq¯ annihilation
subprocess lead to a nonvanishing value for the difference
∆2 ≡ 〈O2〉t¯ℓ+ − 〈O¯2〉tℓ− (19)
in pp collisions.
We evaluated the correlation S1 for pp¯ c.m. energies
√
s between 1.5 TeV and 5.0
TeV and the two correlations S2 and ∆2 for pp collisions with
√
s between 7 TeV and
20 TeV, using the narrow width approximation for t and t¯. (For a recent discussion of
effects of non-factorizable diagrams see [23].) We found only a weak dependence of our
results on the choice of the parton distribution functions; in the results below we used the
parametrization [24]. For the scale entering the parton distributions we set Q2 = 4m2t .
Since the results of sect. 2 constitute the lowest order contributions to our correlations,
we use leading order distribution functions and a fixed value of αs = 0.1.
Fig. 5 shows the correlation S1 for proton–antiproton scattering as a function of the
collider c.m. energy. The correlation decreases with rising energy; at
√
s = 1.8 TeV it
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has the value S1 ≃ 0.43%. The rapidity distribution
〈O1δ(rt¯ − r′t¯)〉t¯ℓ+ (20)
where
rt¯ =
1
2
ln
Et¯ + pˆp · kt¯
Et¯ − pˆp · kt¯
(21)
is shown in Fig. 6 for
√
s = 1.8 TeV. Note that the distribution is not symmetric in rt¯.
The corresponding rapidity distribution for the sample with reconstructed top momenta,
〈O¯1δ(rt − r′t)〉tℓ− (22)
is equal to the one of Fig. 6 after a reflection at the line rt¯ = 0.
Fig. 7 shows both S2 and ∆2 for proton–proton collisions with c.m. energies covering
7–20 TeV. The correlation S2 reaches a value of ∼ 0.03 % at
√
s = 14 TeV. Fig. 8 shows
the rapidity distributions (20) and (22) for pp collisions at
√
s = 14 TeV. As discussed
above, they are not related by a symmetry.
The statistical sensitivity of our observables may be estimated from their root-mean-
square fluctuations: For
√
s = 1.8 TeV we find ∆O1 =
√
〈O21〉t¯ℓ+ − 〈O1〉2t¯ℓ+ ≈ ∆O¯1 ≃ 0.36.
This yields an estimate for the 1 s. d. statistical error δS1 ≃ (
√
2 × 0.36)/√Nevent ≃
0.5/
√
Nevent, where Nevent is the number of events of type (12). In order to push δS1
below the percent level Nevent > 10
4 events are needed – an unrealistic number even
for the upgraded Tevatron. In the case of pp collisions at the LHC energy
√
s = 14
TeV, we have ∆O2 ≈ ∆O¯2 ≃ 0.25, which implies |S2/(
√
2∆O2)| ≃ 10−3. Although the
production of 107 tt¯ pairs may be expected at the Large Hadron Collider operating at
high luminosity, the systematic errors of a measurement of our correlations at a hadron
collider will probably be too large to probe effects of the order of a per mill.
One may ask whether there are better observables to trace transverse polarization
than the ones we chose. Obvious variations are, for example, pˆp · (kt¯ × qℓ+)/s or pˆp ·
(kˆt¯ × qℓ+)/
√
s. Another variation would be pˆp · (kt¯ × qℓ+)/|(kt¯ × qℓ+ |. All of these
observables lead to similar or smaller ratios O/∆O. We did not attempt to construct
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fully optimized observables [13] here. A more thorough analysis would construct such
observables, which maximize the signal-to-noise ratio, not only for the semileptonic tt¯
decay channels discussed in this paper, but also for all other decay modes [25].
In conclusion we have computed the QCD-induced transverse polarization of t and t¯
quarks produced in high energetic pp¯ and pp collisions. Resulting angular correlations
which involve the t or t¯ decay products are at the percent level at Tevatron energies and
at the per mill level at the LHC. As these are definite QCD predictions it will still be
worthwhile to measure the correlations (15), (18), since they can be used as “sensors”
for new physics effects in the top system: any observable effect — i.e., any significant
deviation from the above results — would point towards strong tt¯ final state interactions
beyond the Standard Model forces.
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Figure Captions
Fig. 1 One-loop Feynman diagrams for the process qq¯ → tt¯ which give a nonzero con-
tribution to the function bq3 defined in Eq. (3) through interference with the Born
diagram.
Fig. 2 One-loop Feynman diagrams for the process gg → tt¯ which give a nonzero con-
tribution to the function bg3 through interference with the Born diagrams.
Fig. 3 Transverse polarization P q⊥ (defined in Eq. (5)) as a function of the partonic c.m.
energy
√
sˆ and the cosine of the scattering angle z.
Fig. 4 Transverse polarization P g⊥ (defined in Eq. (5)) as a function of the partonic c.m.
energy
√
sˆ and the cosine of the scattering angle z.
Fig. 5 Correlation S1 (defined in Eq. (15)) for proton-antiproton scattering as a function
of the collider c.m. energy
√
s.
Fig. 6 Rapidity distribution 〈O1δ(rt¯ − r′t¯)〉t¯ℓ+ for pp¯ collisions at
√
s = 1.8 TeV.
Fig. 7 Correlations S2 (full line) and ∆2 (dashed line) (defined in Eqs. (18) and (19),
respectively) for proton-proton collisions as a function of the collider c.m. energy
√
s.
Fig. 8 Rapidity distributions 〈O1δ(rt¯ − r′t¯)〉t¯ℓ+ (full line) and 〈O¯1δ(rt − r′t)〉tℓ− (dashed
line) for pp collisions at
√
s = 14 TeV.
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